Three diets containing 8% olive oil, fresh sardine (Clupea pilchardus) oil and oil from sardines fried in olive oil were prepared. After in vitro digestion, soluble (dialysed and non-dialysed) and insoluble zinc fractions were determined. Fresh sardine oil and oil from sardines fried in olive oil provided more dialysed zinc and less insoluble zinc than 8% olive oil. Three groups of growing rats consumed the diets for 28 days. Food intake and body weight values of rats fed 8% olive oil were significantly higher than those fed fresh sardine oil and slightly lower than those fed oil from sardines fried in olive oil. Animals fed fresh sardine oil exhibited the lowest apparent zinc retention during days 5-12, but absorption efficiency increased during days 21-28 and all groups had similar final zinc absorption and retention values. Animals fed oil from sardines fried in olive oil displayed higher (days 5-12) or similar (days 21-28) apparent zinc absorption and retention values than rats fed 8% olive oil and fresh sardine oil. Hepatic zinc concentrations were higher in rats fed oil from sardines fried in olive oil than fed fresh sardine oil, while all groups showed similar spleenic concentrations. Zinc accumulation in skin was significantly higher in animals fed fresh sardine oil than in those fed oil from sardines fried in olive oil, and their total erythrocyte zinc concentrations were also higher than in rats fed oil from sardines fried in olive oil or on 8% olive oil. In conclusion, a diet high in raw sardine fatty acids can cause excessive zinc accumulation in skin and erythrocytes. However, these negative effects of sardine oil disappear after frying in olive oil.
INTRODUCTION
The role of dietary fat in several human diseases has been widely investigated. Polyunsaturated fatty acids of the n-3 series, especially the very long-chain ones (eicosapentaenoic and docosahexaenoic acids) exert a highly desirable influence on health. Diets high in monounsaturated fatty acids or long-chain polyunsaturated fish-oil fatty acids increase bleeding time, decrease platelet aggregation and blood viscosity and increase erythrocyte deformability, thus reducing the tendency to thrombus formation (Iso et al., 2001) . These fatty acids play an important role in preventing cardiovascular diseases in humans (Dewailly et al., 2001; Kromhout, 2001) and hypercholesterolaemia in rats (Sa´nchez-Muniz et al., 1996) and intervene in various inflammatory and autoimmune disorders, cancer and diabetes as well as in growth and development (Sanders and Reddy, 1992) . Likewise, they appear to exert beneficial effects on bone metabolism and on the joints (Volker et al., 2000; Watkins et al., 2001) . However, adverse effects of these dietary fatty acids such as lipid oxidation, growth retardation, etc., have also been described (Cooke et al., 1991; L'Abbe´et al., 1991; LeBoeuf and Veldee, 1993) .
Nowadays, nutritionists recommend an increased intake of n-3 fatty acids, whose principal source is fish, but which may also be supplied through supplements and even by means of certain enriched foods (Kolanowski et al., 2001) . This modification in the recommended diet may affect the utilisation of other dietary nutrients such as minerals.
Information concerning the influence of raw fats on the utilisation of minerals exists (Kaup et al., 1990) , but it is less known about the effects of the intake of fats which have undergone cooking procedures, such as frying, on mineral utilisation (Pe´rez-Granados et al., 1993 , 1999 , 2000a ,b, 2001a . In the frying process, an exchange occurs between the oil used and the fat of the food being fried (Sa´nchez-Muniz et al., 1992) . With regard to the polyunsaturated fats from fish, our working group found that a diet rich in raw sardine oil produced metabolic alterations of iron, including a depletion of this element (Pe´rez-Granados et al., 1995) as well as modifications in the bioavailability of calcium and phosphorus (Pe´rez-Granados et al., 2000c) .
The aim of this study was to determine the influence of a diet whose sole fat source was raw sardine oil or that of sardines fried in olive oil on growth and on the utilisation of zinc in growing rats.
MATERIALS AND METHODS
Obtaining Oil from Raw and Fried Sardines. Fatty Acid Analysis Sardines (Clupea pilchardus) and olive oil (Carbonell, Co´rdoba, Spain) with a 0.4 acid value (determined by AOAC, 1990) were purchased at a local market. The sardines were divided into two groups after the head, scales and viscera were removed; one group was fried in pure olive oil and the other remained raw. Domestic fryers with a 3 L capacity were used, and sardines were fried for 8 min at an initial temperature of 180 C. The backbones of the fried and raw sardines were removed and the sardines were crushed. A 50% mixture of butylhydroxytoluene (BHT) and butylhydroxyanisole (BHA) (E. Merck, Darmstadt, Germany) was added (0.02% of the fat) to each of the preparations as an antioxidant and both were subsequently freeze-dried.
Sardine oil was extracted with cold diethyl ether, which was removed by evaporation. The fish oil obtained was stored in hermetically sealed containers in a nitrogen atmosphere and frozen at À20 C until its use to prepare the diets.
The fish oil was saponified with 0.5 N sodium hydroxide in methanol and methylated following the method of Metcalfe et al. (1966) . The fatty acid methyl esters of the olive and raw sardine oils were analysed by gas chromatography as previously described (Pe´rez-Granados et al., 1995) (Table 1) .
Diet Preparation
Three isocaloric diets with the following calculated content were prepared according to the recommendations of the National Research Council (National Research Council, 1990) : 118 g/kg lactic casein (Central Ibe´rica de Drogas, S.A., Madrid), 2 g/kg DL-methionine (E.Merck, Darmstadt, Germany), 355 g/kg wheat starch (Central Ibe´rica de Drogas, S.A., Madrid), 355 g/kg sucrose (Confisa, S.A., Madrid), 50 g/kg cellulose (Central Ibe´rica de Drogas, S.A., Madrid), 38.5 g/kg mineral mixture (E.Merck, Darmstadt, Germany) and 1.6 g/kg vitamin mixture (Roche, Basel, Switzerland).
The three diets contained 80 g/kg of one of the test fats: olive oil (O) (Carbonell, Co´rdoba, Spain), the fat extracted from raw sardines (S), and the fat extracted from olive oil fried sardines (FS).
The zinc composition of the diets (mg/g) (determined by atomic absorption spectrometry, see below) was 32.69 AE 0.32 (mean standard error of 6 determinations per diet).
In vitro Digestion Assays
Triplicate samples of the diets were digested using the method of Miller et al. (1981) , subsequently modified (Pe´rez-Granados et al., 2000c) in which the sample is first incubated with pepsin and hydrochloric acid and later with pancreatin and bile salts for 3 h. During pancreatic digestion, dialysis of the sample takes place through a 12000 cut-off dialysis tubing containing sodium bicarbonate. Dialysed and non-dialysed samples are collected after 1, 2 and 3 h. Non-dialysed fractions are centrifuged for 15 min at 1000 g (J. P. Selecta, S.A., Barcelona, Spain) to separate the soluble and insoluble forms of zinc.
Results are expressed as the percentage of the dialysed, soluble non-dialysed and insoluble non-dialysed fraction from the total amount present at the end of the gastric digestion. Amounts remaining in the dialysis membrane were not considered.
Biological Assays
Weanling Wistar rats, initial body weight 40 AE 0.3 g (mean AE standard error) were housed individually in metabolic cages in an environmentally controlled room, maintained at 20-22 C, with a 12 h light-dark cycle and 55-70% humidity. Three groups of 10 rats (5 males, 5 females) were randomly assigned to the dietary treatments. Animals had free access to the diets and demineralised water (Milli-Q plus, Ultrapure Water System, Millipore Corporation, Bedford, U.S.A.) for 28 days. Body weight and food intake were monitored weekly and during two balance periods (days 5-12 and days 21-28) faeces and urine were collected and pooled separately. Faeces were dried, weighed and homogenised. Urine was collected in 0.5% v/v HCl solution, filtered (Whatman Filter Papers n 40, ashless, Whatman Ltd., England) and diluted. On day 28 animals were anaesthetised using sodium pentobarbital (Abbott Laboratories, S.A., Madrid, Spain) and blood was drawn by cannulation of the carotid artery into acid-washed (HNO 3 10 N) plastic vials and allowed to clot. Serum was obtained by centrifugation for 15 min at 1000 Â g (J.P. Selecta S.A., Barcelona Spain) and stored in disposable plastic vials at À20 C until zinc analysis. The liver, spleen and a segment of skin were removed. The remaining carcass was stored frozen at À20 C until analysis. Rats were always handled in accordance with the current European regulations regarding laboratory animals.
Zinc Analysis
The three fractions from the in vitro digestion, diets, faeces, liver, spleen, erythrocytes and skin were dry-ashed in a muffle furnace at 450 C. Ashes were dissolved in a HCl/HNO 3 /H 2 O solution (1 þ 1 þ 2) (Suprapur, E. Merck, Darmstadt, Germany). Carcasses were wet-digested with 6 N HCl and filtered (Whatman Filter Paper N 40, ashless, Whatman).
Duplicate samples of the fractions from the in vitro digestion, diets, faeces, urine, carcass, liver, spleen, skin and serum were analysed for zinc by flame atomic absorption spectrometry (Perkin-Elmer 1100 B, Norwalk, CT, USA). A stock standard solution of zinc (1 g per L) was prepared from Titrisol (E. Merck) (ZnCl 2 in 0.06% HCl, 1.000 AE 0.002 g).
A pool of faeces was used as an internal control to assess precision. The interassay coefficient of variation was 2.33% for zinc. Bovine liver (certified reference material CRM 185, Community Bureau of Reference, Brussels, Belgium) yielded a zinc value of 142 AE 4 (mean AE SD of five determinations) (certified value 142 AE 5 mg/g).
Indices
Food efficiency ¼ Body mass gain/food intake in dry matter
The following indices were calculated from the data obtained for the intake, faecal and urinary excretion of zinc:
Statistical Analysis
Food intake and body weight data were analysed by linear regression and analysis of variance was applied on the regression coefficients (slopes) over groups. Food efficiency data were analysed by analysis of variance (ANOVA) with repeated measurements. Data from zinc balances were analysed by two-way ANOVA (group and balance period). As a significant group x balance period interaction was found, the two variables were analysed separately by one-way ANOVA. Data from in vitro assays, liver, spleen, erythrocytes, serum and carcasses were analysed by one-way ANOVA. Twosample comparisons were made using the Bonferroni test. Significance of the results was established at p<0.05.
RESULTS AND DISCUSSION

Food Intake, Body Weight and Food Efficiency
From the first week of the study it was clear that food intake varied due to the dietary treatment. S-rats displayed a lower food intake than the other groups (Table 2) . Intake was significantly higher in the FS-group than in the O-rats. Inhibiting effects of fish oil on food intake have also been described in other studies comparing fish and corn oils (Herman et al., 1991; LeBoeuf and Veldee, 1993) and fish and sesame oils (Domı´nguez and Bosch, 1994) . Consequently, S-rats displayed lower body weight gains than FS-and O-animals (Table 2) . Other authors have also reported lower food intake and body weight gains in growing animals fed whole fish (Chao and Gordon, 1983) and lower weight gains during the first year of life in pre-term infants fed fish oil supplemented formula (Carlson, 2000; Lapillone et al., 2000) and rat foetuses (Clarke et al., 1988) of mothers whose diets contained fish oil. When white tuna (Garcı´a-Arias et al., 1993) and whole sardines (Aspe, 1992) were used as protein sources, our working group did not observe these effects, but rather a stable growth rate. Nakajima et al. (1988) also reported stable growth rates in rats fed diets containing boiled and dried sardines, in contrast to those given casein diets. For this reason, the negative results with regard to weight gain must be due to sardine oil, the only nutrient from the fish which was used in this study, and not to the fish itself.
This effect cannot be attributed to the different saturated, monounsaturated or polyunsaturated nature of the diets (Ganji and Kies, 1993) nor to the decreased palatability due to marine lipid oxidation (Herman et al., 1991) . In fact, the group that consumed fried sardine oil, in which oxidation was necessarily greater due to the frying procedure (Sa´nchez-Muniz et al., 1992) , actually displayed a higher food intake than the group that consumed olive oil ( Table 2 ). The oils from raw and fried sardines were treated with the addition of BHT and BHA to prevent oxidation during the extraction process. Moreover, the prepared diets contained adequate amounts of vitamin E. Valk and Hornstra (2000) reported that EPA and DHA supplementation increase in vivo lipid peroxidation although amounts of vitamin E were present in adequate amounts in relation to the calculated oxidative potential of these fatty acids.
The negative effect of raw sardine oil in retarding growth and/or weight gain in rats, cannot be attributed exclusively to lower food intake, as the diet in which it was included displayed a much lower food efficiency value (46À67%) than that of the olive oil and fried sardine oil diets (Table 2) , depending on the period considered. These results coincide with the lower food efficiency coefficients obtained by Domı´nguez and Bosch (1994) using diets with fish oils in comparison with others containing sesame oil. The coefficient of the group consuming fried sardine oil was higher than that of the olive oil group during the first week of the study but their coefficients were not significantly different in the last three weeks.
The adverse effects on growth caused by fish-oil diets may be due to various factors including malabsorption of fat and cholesterol manifested as steatorrhoea (Farkkila and Miettinen, 1990 ) and inhibition of prostanoid synthesis via suppression of cyclo-oxygenase (Clarke et al., 1988) .
The delay in foetal growth caused by fish-oil diets has been ascribed to an insufficient n -6 essential fatty acid intake (Clarke et al., 1988) . The deficit in these fatty acids affects important physiological functions related to membrane phospholipids and inhibits of prostanoid synthesis (Lokesh and Kinsella, 1985) .
The low growth rate of the animals which consumed raw sardine oil may be due to the fact that only 0.23 and 0.50% of the dietary calories were supplied in the form of linoleic and arachidonic acids, respectively. These n-6 fatty acid dietary levels are barely sufficient to achieve optimum growth in rats (Bourre et al., 1989) . Moreover, it seemed that n-6 fatty acid requirements increase in diets with a very high fish-oil content, in which the n-3/n-6 ratio is high (Clarke et al., 1988) . This ratio was very high (5.12) in the fresh sardine oil diet, compared to the value of one suggested by Kinsella (1987) as appropriate, and that of 1.4 suggested by Crawford (2000) . In the case of the rats, this ratio should be even lower (Bourre et al., 1989) . Therefore, it is possible that the excess n-3 fatty acid intake could have increased the n-6 fatty acid deficit and brought about the negative consequences described above, which correspond with the delayed foetal growth noted by Clarke et al. (1988) in similar experimental situations.
Other factors may also contribute to the reduced food intake and body weight associated to the fish oil diet. A high n-3 intake may reduce lipogenesis in the liver and leptine production (Kramer et al., 2003; Tallman and Taylor, 2003) with the result of lowering appetite. The weight increase in rats fed the diet containing fried sardine oil was even greater than that of those which ate the olive oil diet (Table 2 ). In the former diet, the n-6 fatty acid contribution was higher and that of n-3 fatty acids lower than that of the fresh sardine oil diet, due to the exchange between the sardine fat and olive oil during frying. As a result, the n-3/n-6 ratio of the oil from sardines fried in olive oil diet dropped to 2.43 and the physiological functions dependent on n-6 fatty acids were not affected.
The greater presence of n-3 fatty acids in the oil from sardines fried in olive oil diet, as compared with that which included olive oil, must be considered beneficial, due to the essential nature of those fatty acids and their important role in different stages of development (Carlson and Salem, 1991) . Furthermore, from FS-rats, which consumed fried sardine oil mixed with the frying oil, displayed a higher food intake than that of the other two groups, just as Clarke et al. (1988) reported of pregnant rats which consumed safflower oil together with menhaden oil in contrast with animals given both oils separately. Undoubtedly, the main reason that these animals gained weight so notably was their greater food intake. In addition, however, the FS-diet provided a food efficiency value even higher than that of the olive oil diet, especially during the first week of the study (Table 2) .
Zinc Utilisation
In Vitro Assays Dialysed zinc levels were significantly higher in fresh sardine oil and oil from sardines fried in olive oil diets during the first and second hours of pancreatic digestion (Table 3) . Non-dialysed soluble zinc levels after 1,2 and 3 h were similar in all three diets. Conversely, insoluble zinc levels were significantly lower after 2 h in fresh sardine oil diet and after 2 and 3 h in from sardines fried in olive oil diet.
These data from the in vitro assays showed that diets containing sardine oil appeared to favour the soluble forms of zinc more than the olive oil diet. The results coincided with those obtained for other elements such as calcium and phosphorus (Pe´rez-Granados et al., 2000c) . Aguirre (1996) also observed that the more unsaturated the dietary oil, the higher the percentage of dialysed and soluble forms.
According to these assays, both the sardine oil and the olive oil diets allowed good zinc utilisation. Nevertheless, different zinc absorption results were obtained in rats fed diets containing raw and fried sardine oils.
Zinc balance
Animals consuming the fresh sardine oil diet ate less, and therefore consumed a lower amount of zinc than the 8% olive oil group (Table 4) . As a result, faecal zinc losses in fresh sardine oil rats were lower than those of the other two groups and these animals displayed a percentage of zinc absorption similar to that of the 8% olive oil animals during the first balance period. This indicated that a digestive adjustment occurred, by which the absorption efficiency of fresh sardine oil animals increased significantly with respect to the absorption levels of the other two groups during the second balance period.
Nevertheless, part of the zinc absorbed by the rats which consumed raw fish oil could not be used, and the urinary zinc levels of these rats almost doubled those of the other two groups ( Table 4 ).
The large amount of zinc excreted was necessarily related to the slower growth rate of these animals; the deficient formation of new tissues limited zinc requirements and made it impossible to adequately use all the zinc absorbed (Varela et al., 1992) . This situation occurred during both balance periods. Even so, daily zinc retention values dropped only in the first period, as during the second period the high absorption efficiency compensated urinary zinc losses and, in fact, zinc carcass content in S-rats was not significantly lower than that of the other two groups (Table 5) . FS-animals displayed the greatest zinc absorption and retention values during the first balance period (Table 4) . During the second balance period FS-rats presented no significant differences with regard to O-rats, and although faecal zinc excretion of these rats was greater than that of the other two groups, it did not affect retention values. Consistently zinc carcass levels were unaffected.
Hepatic and spleenic zinc levels were higher in the rats which ate and grew most, those of the fried sardine oil group, and lower in the group which consumed raw sardine oil (Table 5 ). The higher zinc levels in livers of rats fed fried sardine oil than in those of rats fed raw sardine oil recall the findings of Aspe (1992) , although in our case the effect was more pronounced, probably because only the oil, and not the whole fish, was included in the diet.
Zinc concentrations in liver, spleen and serum were similar in those animals fed raw sardine oil and those fed olive oil (Table 5 ). Zinc levels of skin were significantly higher in the rats which consumed raw sardine oil compared to those consuming the sardines fried in olive oil although the differences compared to O-rats were not significant (Table 5 ). It may be that the amount of zinc absorbed by S-rats, which were quite small, was excessive considering their weight and physical development. As a result, much of the element was withdrawn from the blood stream and eliminated through the urine or stored in inert tissues such as hair. As Jackson (1989) observed, the latter acts as a storeroom for zinc, avoiding the damage which an excess amount in other tissues could cause. Along similar lines, extremely underweight young persons with anorexia nervosa present a greater zinc concentration in hair than healthy youngsters of similar ages (Varela et al., 1992) .
A relative increase in zinc levels was also observed in the red blood cells of rats which had consumed raw sardine oil (Table 5 ). In this regard, n-3 fatty acid levels in all cell membranes, including those of erythrocytes, increase when fish oil abounds in the diet (Mills et al., 1995) . Under these circumstances, cell membranes are more readily deformed and their permeability is altered (Zanner and Galey, 1985) . Therefore, although zinc may simply accumulate in erythrocytes as it does in the skin, it may be that excess n-3 fatty acid levels in the diet increase erythrocyte membrane permeability, causing the accumulation of zinc within these cells.
In addition, long-chain n-3 fatty acids, in particular eicosapentaenoic acid (C 20 : 5 ) and docosahexaenoic acid (C 22 : 6 ), make tissues more susceptible to oxidative damage (Mills et al., 1995; Rodrı´guez et al., 1996) . It is thus logical that defence mechanisms, in which zinc plays an important role (Willson, 1989) , are set in motion when these fatty acids are consumed in large quantities. These defence mechanisms include the increased production of superoxide dismutase, one of the most important enzymes which protects against oxidative damage. Higher zinc and copper levels would accompany increased superoxide dismutase production, as both of these elements are associated with the activity of this enzyme. Superoxide dismutase activity was not determined in our study but, together with high erythrocyte zinc values, high copper levels have also been reported in the red blood cells of rats fed raw sardine oil (Pe´rez-Granados et al., 2001c) .
In conclusion, raw sardine oil does not decrease in vitro availability of dietary zinc. However, a diet high in raw sardine fatty acids administered as the only source of fat negatively affects food intake and growth and can cause metabolic zinc alterations, including excessive accumulation of this element in different tissues such as skin and erythrocytes. These negative effects of sardine oil disappear with frying, probably due to the exchange that takes place between the fatty acids of the olive oil used in frying and those of the sardine oil. 12.9 AE 1.1 a 1.80 AE 0.09 ANOVA p = 0.000 p = 0.000 p = 0.015 p = 0.000 p = 0.001 NS p = 0.000 NS NS p = 0.004 p = 0.000 NS
